The major concern for many hydraulic structures is the effect of scour at the toe, when the racing floodwater scours away the bed just downstream of the piers. Therefore, understanding the soil-hydrodynamic interaction needs to be investigated. In this study, a series of 2D laboratory tests have been carried out to study the likelihood of soil scour due to the soil-hydrodynamic interaction and influence of sediment properties. Characteristics such as sediment deposition patterns, longitudinal/lateral spreading length/area, and bed scour profiles for three sediment diameters (i.e. 0.26, 0.30 and 2.40 mm) under dry and wet soil conditions are studied intensively. Experimental results revealed that soil of identical diameters under wet and dry conditions caused significant changes in soil scour rate and deposition patterns. Transport rates in dry condition were much slower than wet condition. It was observed that, for the same flow condition, different soils gave different long term equilibrium deposition patterns due to the grain size distribution and particle shape. Eddies were generated behind the soil samples which resulted in forming a series of 'crescent' zones. Findings of this study could offer a qualitative outline of the effects of various parameters to demonstrate a better representation of estimating scour rate in fluvial condition. 
Introduction
Engineers have shown consistent interest in scour under hydraulic conditions. The main focus has been in studying the size sorting process and interpreting the grainsize distributions found in sedimentary deposits. Research studies revealed that hydraulic structures such as bridges, levees, ripraps, and embankments adopted in flood protection schemes in the maritime environment have collapsed due to failures attributed to scour associated with a soilhydrodynamic interaction phenomenon [1] . In 2009, a flood in Cumbria affected numbers of bridges that were likely to fail. The collapse of the Northside Bridge in Workington is one of the notable results of the catastrophic flooding in Cumbria, as shown in Fig. 1 .
The major concern for many bridges that are in danger is the effect of scour at the toe. Prominently, the racing floodwater scours away the bed just downstream of the piers on which the bridge rests [2] . However, the process of transporting sediment into marine or sedimentation was studied by James [3] , where he mentioned that the sediment scouring required critical monitoring. The frequent scouring induced toe failures of river and coastal structures necessitate both mathematical and physical modelling of soil-water interaction for coarse sands, sandy silts, and clays. Ting et al. [4] conducted a series of small-scale laboratory experiments to study local scour at circular piers installed on clay and sand beds. The influences of Reynolds and Froude numbers and flow depth on scour rate for medium (d 50 =0.60 mm) and fine uniform silica sand (d 50 =0.14 mm) were discussed. They observed that the depth of scour was same all around the piers at low Reynolds numbers whereas the scour holes were developed behind the piers at high Reynolds numbers. In order to accurately predict the transport of sediments, it is necessary to understand the physical phenomena involved in sediment transport. Sediment transport rates depend not only on hydrodynamic conditions of the applied shear stress due to currents but also on the properties of the sediments. In a sediment bed, these properties vary in both the horizontal and vertical directions, and their variations can cause changes in the scour rates by several orders of magnitude. Despite a number of research studies in this discipline [5, 6] , a greater understanding of soil-hydrodynamic interaction for gravel and sand is still required. In this investigation, the model of the physiographic soil scour-deposition takes various factors into account, including the soil-hydrodynamic interaction; sediment deposition patterns; longitudinal/lateral spreading length/area; and bed scour profiles of sediment in a riverbed. Since the model utilises a video recording facility, the dominating factors are identified by analysing images obtained from recorded video clips. A series of 2D small-scale physical experiments were conducted in the Ahlborn sediment model bed tank (4.0×0.6×0.2 m) at University of East London to acquire an extensive qualitative and quantitative understanding of sediment transport processes and scour of soil beds under carefully controlled flow conditions.
Materials and methods
Wang [7] investigates the flow characteristics of mobile gravel bed-load motion using an experimental method that involved an image capturing technique in the mobile gravel bed. The captured images were used to investigate velocity profiles, analyse bed-form movement, and explore the equation for flow resistance. The purpose of the current laboratory and field work is to measure, qualitatively understand, and be able to predict the effects of sediment properties on scour rates. Therefore, soil-water laboratory experiments with well-defined properties are essential. A unique facility, called Soil Protrusion Apparatus (SPA), has been developed at the University of East London hydraulics laboratory to explore further knowledge within sediment transport processes and their properties. For this current investigation, soil samples were collected in the vicinity of the Northside Bridge in Workington, UK. In addition, particle size distribution tests have been carried out on soil samples to achieve the appropriate particle size range of desired samples. The Ahlborn sediment model bed tank was purposely re-fabricated in order to install the SPA that takes 100.0 mm diameter soil core samples as shown in Fig. 2(a) . Placing the apparatus at a distance of 1.5 m from the upstream end of the tank, and along its centre line, the sample tube was fitted with a moveable piston which enabled the sample to be pushed to a preset protrusion (z=1.0-10.0 mm) in 1.0 mm thick intervals as seen in Fig. 2(b) . In the laboratory, SPA has been used to investigate the effects of soil samples collected from the study area on scour rates; the emphasis was given to fine-grained, non-cohesive sediments. An example of wet sand of d 50 =0.30 mm protruding 5.0 mm above the bed is shown in Fig. 3(a) . Table 1 outlines the test conditions carried out to perform over 300 tests for 3 different sediment diameters under both wet and dry conditions. At least three tests were performed for each test condition to ascertain better reproducibility and representability of observations. Longitudinal (l 1 ) and lateral (l 2 ) scour spreading of the sediment plumes were recorded using a HD Sony digital video camera at a capture rate of 24 frames per second with a resolution of 1920×1080 pixels. A thin plastic 5.0×5.0 mm X-Y grid system was attached underneath the tank bed to monitor the spreading lengths which enabled observations to be recorded at preset times and hence the sediment transport rate and scour patterns were continuously monitored. Bed scour profiles were taken along the centre line of the sediment tank by a manually operated point gauge to a 0.1 mm precision. The flow rate (Q) was adjusted through a control of the voltage input into the pump. Propeller type current meters (0.06-1.5 m/s) were used in the upstream and downstream of the tank to monitor the uniformity of the flow and its measurements.
Results and discussion
There is neither a generally accepted formula nor a physical model available to quantify the sediment transport over a range of flow and sediment conditions [8] . Therefore, a better understanding of the effects of sediment properties such as density, porosity, particle shape, average grain size, uniformity coefficient, and gradation co-efficient of the soil on hydrodynamic scour is useful to propose a universally accepted reasonable model. Hence, this investigation discusses scour characteristics such as sediment deposition patterns, longitudinal (l 1 ) and lateral (l 2 ) spreading lengths and its area, and bed scour profiles based on the experimental observations and measurements. Although reasonable care was taken to perform accurate laboratory experiments, a certain degree of discrepancy was observed in the measured results due to the variations in measurements of water depth, upstream approaching velocity, spreading lengths, eroded/deposited depths and deposition time etc.
Sediment properties
When the flow characteristics such as water velocity and average shear stress on the bed exceed the incipient state of the bed material, sediment particles move in different modes of transport such as rolling, sliding or in suspension along the flow direction. The modes of sediment transport depend on the size, shape, and density of the material, and settling velocity etc [9] . Hence it is important to explore the influence of those parameters on soil scour.
Density and porosity of soil sample
The deposition history of soil is related to its porosity of mobile bed. Loose packing occurs when sediments settle in still water whereas fixed packing occurs when sediments settle in flowing water [10] . In present study, the water discharge ranged from 1.65 l/s to 3.57 l/s. As a result, sediment particles settled down as 'fixed packing'. The fixed packing equilibrium stage (time t ) of 3 soil particle diameters in 4 different conditions are shown in Fig. 4 , where the first and last sample orientations (4a, 4d) have the different particle sizes (i.e. d 50 =0.26 mm and d 50 =2.40 mm respectively) and the second and third sample orientations (4b, 4c) have the same particle size (d 50 =0.30 mm) under wet and dry conditions respectively. Sediment deposition patterns shown in Fig. 4 were recorded for z=5.0 mm and Q=3.57 l/s. Natural sediments with varying particle sizes have relatively small porosity because the smaller particles can occupy the large void spaces. A poorly graded (many grain sizes) coarse sand has a porosity of about 40%. On the other hand, well graded (almost uniform size) fine sand has a porosity of about 45%. The most unstable arrangement leading to soil scour is the cubic arrangement with the sphere centres forming a cube yielding a porosity of about 48% [10] . Through the experimental investigations, it was noticed that the soil sample of same diameter (Fig. 4b, 4c ) with different conditions (wet and dry) gave significant changes in sediment transport rate and its scour pattern at the equilibrium state. In the case of wet condition, soil was fully saturated containing less porosity. On the other hand, dry soil was unsaturated and porosity was higher than that of the wet soil. Consequently, water lost the energy for saturating the dry soil to initiate scour whereas in the case of wet condition water directly commenced scour without losing any energy to saturate the soil. This phenomenon of releasing energy explains the reason for reduction in the scour rate of dry soil compared to wet soil.
Shape and size of sediments
These experiments were carried out with sediments of different mean sizes ranging from 0.26 mm to 2.40 mm. The size distribution of each sediment was fairly narrow. It can be seen that scour rates are strongly dependant on the density for the finer particles and are independent for the coarser particles. In addition, the experimental results generally demonstrated the following: Firstly, for the larger particles, sediments behaved in a non-cohesive manner, i.e. they eroded particle by particle; Secondly, the smaller particles, sediments behaved in a cohesive manner, i.e. they eroded in chunks as well as particles; Thirdly, critical stresses for scour were strongly dependent on particle size and; Finally, the smaller particles were also strongly dependent on soil density.
Shape of sediments
Most of the sand particles on the earth are more or less rounded because their edges and corners are smoothed by abrasion as running water moves the soil particles from their original locations to the final deposition place. Roundness is a function of abrasion induced by transport and it increases slowly with distance. Sediments need to be transported thousands of miles in a river or sea in order to achieve even moderate rounding [10] . In the present experiments, the Scanning Electron Microscopic (SEM) images of soil samples show that the majority of the sample particles were angular in shape. Fig. 3.1.2 illustrates the SEM images of tested soil samples while the dimensions of soil particles involved in these experiments are presented in 
Uniformity coefficient and gradation coefficient of soil
The tested soils were a series of uniform soils of known particle size distributions with known uniformity coefficients and effective sizes. Apart from the SEM observations, further classification of the experimental soil samples based on the uniformity and gradation coefficients given by Eq. (1) and (2) and the corresponding values are given in Table 3 . The crescent zone phenomenon is described based on this classification, where C is the uniformity coefficient and Cg is the gradation coefficient [11] . Uniformly graded soil:
Well graded soil: 
Scour/deposition characteristics
The study of scour/deposition patterns around the soil samples is necessary to find a correlation between scour and soil/water parameters. Spreading length and area are indicators of the sediment transport mechanism acting on soil-water interaction. Bed scour profile determines the degree of deformation of the original soil bed.
Sediment scour/deposition patterns
Analysis of images in Fig. 4 showed that for the same experimental conditions, different soil samples give different long term equilibrium scour/deposition patterns in the downstream of the tank. This phenomenon is primarily governed by the particle shape and size. The visual and video observations revealed that eddies generated at the upper and lower ends in those zones further refine the deposition shape. Repeatability of observations was found to be good and showed the same shape in all digital images. It was observed that at the long term equilibrium state, irrespective of the gradation of the soil sample, the crescent edges were sharper with uniformly graded soil particles. Photographic analysis indicated that the particles achieved the uniformly graded state at equilibrium from scouring and deposition. Hence, it can be concluded that the scour pattern was highly dependent on the particle shape and size. If the soil is more poorly graded a higher number of 'crescent' zones are developed. If the sediments are well graded the ability to settle down quicker is greater. Fig.  3 .1.2 illustrates the video image of 'crescent' zone deposition in the downstream. In general, Fig. 7 shows the flow chart of various scour stages identified with respect to the average grain diameter and shape of the particle.
Spreading Length and Area
According to Fig. 8 , the ratio of spreading area increases as the discharge increases. Additionally, the spreading area ratio increases with the average grain size of soils. A higher grain size results in a higher spreading area. Low porosity helps the wet soil to spread more easily than the dry soil. In contrast to the above findings, longitudinal/lateral spreading lengths for small particle sizes increase with the discharge. However, if the particle size is higher (d 50 =2.40 mm) spreading length remains constant because the movement of gravel particles are dominated more by the gravitational forces than by the shearing forces induced by the flow.
Bed scour profiles
Sediment particles transported by flow is a common phenomenon in natural rivers that affects the geometry of the river channel through scour and deposition [7] . The first four panels in Fig. 3 .2 detail the bed scour/deposition profiles measured along the centre line of the tank from the Point A (see Fig. 3 • For the case of coarse sample of d 50 =2.40 mm, deposition heights remain the same because the particles weight are higher than the other three samples.
Conclusions
In this study, laboratory models were used to process the physiographical and hydraulic factors in order to calculate and understand the scour behaviour in fluvial environment. The focus of this investigation was to establish an overview on scour pattern in terms of sediment deposition, longitudinal/lateral spreading length/area, and bed scour profiles for three sediment diameters (i.e. 0.26, 0.30 and 2.40 mm) in two different environmental conditions (i.e. wet and dry). Further, this study presents a qualitative overview of our present knowledge of the effects of soil properties on scour rates. Based on the experimental results, it was found that the soil of same diameter under wet and dry conditions gives significant changes in its sediment transport rate and to its scour pattern. Transport rates were much slower in dry condition that in wet condition. It was observed that, for the same flow condition, different soils give different long term equilibrium deposition patterns due to the grain size distribution and particle shape. Eddies were generated behind the soil samples resulting in the formation of a series of 'crescent' zones. The process of sediment deposition during scour process was identified through the present laboratory observations. Finding of this study could be contributed to better understand the hydrodynamic interaction of sediment particles in transport process within mobile beds. Despite the possibility of treatment, scour rate patterns need to be investigated further, the work highlighted in this paper is a first step towards the prediction of scour rates from soil properties. Scour/deposition profiles to its corresponding experimental image showing the variation in scour spreading pattern with respect to its deposition history.
